The immunosuppressive drug cyclosporin A (CsA) represents the standard preventive treatment of graft-versushost disease (GVHD), the main complication of allogeneic hematopoietic stem cell transplantation (HSCT). However, its efficacy is only partial and many patients develop lethal GVHD despite CsA. A strategy of genetic immunosuppression based on conditional elimination of donor T cells expressing the Herpes simplex type 1 thymidine kinase (TK) suicide gene was recently developed. In this system, ganciclovir (GCV) selectively kills dividing but not quiescent TK T cells. Since CsA is known to have a cytostatic effect on T cells, it could negatively interfere with the division-dependent TK gene therapy. We thus tested whether administration of
Introduction
Graft-versus-host disease (GVHD) represents the main and often lethal complication encountered after allogeneic hematopoietic stem cell transplantation (HSCT). The immunosuppressive drug cyclosporin A (CsA), administered during the first 3 to 6 months following HSCT, is part of the standard preventive treatment of GVHD. 1 This immunosuppressive regimen is only partially efficient, and 15 to 60% of the patients indeed develop GVHD despite CsA. 2 Recent introduction of new immunosuppressive drugs, such as FK506, has not reduced the frequency of severe GVHD. 3 T cell depletion of the graft efficiently prevents GVHD but leads to impaired engraftment, 4 prolonged immune deficiency causing an increased rate of infections, 5 and impaired graft-versus-leukemia effects resulting in an increased frequency of leukemia relapse. 6, 7 Ex vivo transduction of donor T cells with a suicide gene encoding Herpes simplex type 1 thymidine kinase (TK) offers a new approach for controlling GVHD by treatment with the synthetic nucleoside analog ganciclovir (GCV). TK expression allows the transformation of GCV into a component highly toxic for dividing T cells, a metabolism not occurring in non-transduced cells. When TK T cells divide after alloantigen recognition, they become sensitive to GCV and are consequently killed. 8 Thus, suicide gene therapy should permit the selective elimination of T cells that recognize recipient alloantigens, while preserving a large repertoire of T cells which were not dividing during GCV treatment. In preclinical experiments using TK T cells from transgenic mice, we and others have previously demonstrated the feasibility of preventing GVHD by this strategy, 9, 10 as well as the possibility of controlling ongoing GVHD, when GCV is initiated at the time of clinical signs of GVHD. 9 In humans, suicide gene therapy of GVHD has been evaluated in two different clinical situations. One study concerned patients with relapsing hematological malignancy or EBV-induced lymphoproliferation after T celldepleted allogeneic HSCT who were treated with ex vivo TK-transduced donor lymphocyte infusions. 11 In three patients who developed GVHD after TK T cell infusion, GCV administration induced two complete and one partial remission. The other study concerned patients receiving transduced T cells, together with a T cell-depleted allogeneic marrow graft. 12 GVHD occurred in five patients and treatment with GCV was associated with complete or partial response in four and one patient(s), respectively. Other clinical trials now investigate the ability of the suicide gene system to cure, 13 but also to prevent (our unpublished protocol) GVHD.
CsA would antagonize elimination of alloreactive donor TK T cells mediated by GCV in a murine model of GVHD. In vivo experiments revealed that, contrary to GCV, CsA only transiently controlled alloactivation-induced T cell proliferation, and likewise could not prevent lethal GVHD. When T cells resumed proliferation under
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Thus, CsA and TK/GCV are two GVHD treatments with different modes of action. Whether they should be used separately or in combination deserves to be analyzed. Actually, CsA could antagonize the therapeutic effect of GCV on TK T cells. Indeed, at least in vitro, CsA is known to inhibit T cell division. 14, 15 Thus, its association with the TK/GCV system could impair the cell division-dependent elimination of donor TK T cells mediated by GCV. Such an antagonism between a cytostatic agent -CsA -and a division-dependent cytolytic system -TK/GCV -would finally reduce or even suppress the therapeutic benefit of the TK/GCV suicide gene approach. Since CsA represents the standard preventive treatment of GVHD, we assume that for future protocols using suicide gene therapy as GVHD prophylaxis, it will be decided to include CsA. Therefore, in the present study, we investigated the combined effects of CsA and the TK/GCV suicide gene system in a murine model of GVHD. Our conclusions are of clinical relevance for the design of future trials involving the TK/GCV system in the field of allogeneic HSCT.
Results
Effect of CsA and/or GCV on the T cell response after allogeneic stimulation in vitro
We first investigated a potential antagonism between CsA and GCV by studying their separate and combined effects on allogeneic T cell proliferation in mixed lymphocyte cultures (MLC). For this, responder TK T cells were cultured for 4 days in the presence of allogeneic, irradiated stimulating cells and proliferation was measured by tritiated thymidine incorporation. CsA or GCV alone exerted dose-dependent inhibitory effects on T cell proliferation ( Figure 1a and b, respectively). Complete inhibition of proliferation was observed at 1000 ng/ml of CsA and 10 m of GCV. Fifty percent inhibition (IC 50%) was achieved at a concentration of CsA close to 100 ng/ml. For GCV, IC 50% was around 0.5 m, a dosage at least 100-fold lower than that needed to obtain the same effect with non-transgenic T cells. However, it should be emphasized that the consequences of the two treatments were markedly different. When CsA was withdrawn from the culture medium at day 2, cells rapidly resumed proliferation revealing a cytostatic effect on T cells. In contrast, GCV withdrawal led to little or no cell proliferation, reflecting a cytotoxic effect on proliferating TK T cells (data not shown).
We then analyzed the combined effect of CsA and GCV on transgenic TK T cells. When a high concentration of CsA (500 or 1000 ng/ml) was added to increasing doses of GCV, we observed an almost complete inhibition of proliferation, whatever the GCV concentration used (not shown). When using a partially inhibiting dose of CsA (100 ng/ml), the inhibition curve depicting the sensitivity of TK T cells to GCV was similar to that observed without CsA (Figure 1b ). This indicates that GCV efficiently controlled T cells that still divided upon allogeneic stimulation despite the presence of CsA in the culture, with no detectable antagonism.
Effect of CsA and/or GCV on T cell division after allogeneic activation in vivo
We next investigated the capacity of GCV and CsA to control T cell division during allogeneic HSCT. For this, 
.). (b) Inhibition of proliferation of TK T cells exerted by GCV alone () is compared with the one obtained in presence of 100 ng/ml of CsA (᭜). Inhibition of GCV on proliferation of T cells from non-transgenic B6 mice is also showed (̆). Comparable results were obtained in three independent experiments.
TK T cells were obtained from transgenic mice also expressing a human CD4 (hCD4) transgene as a marker at the cell surface of both CD4
+ and CD8 + T cells. 16 They were labeled with carboxyfluorescein diacetate succinimidyl ester (CFSE), before being injected together with T cell-depleted bone marrow (BM) cells into irradiated allogeneic recipient mice. At different time-points after HSCT, spleen cells were harvested from grafted mice and division of hCD4 + donor cells was shown by the sequential loss of CFSE fluorescence intensity.
We first analyzed the effect of CsA on T cell division kinetics in the early post-graft period ( Figure 2 ). When recipient mice did not receive any treatment, cell division could be observed in CD4
+ and CD8 + T cells at day 2. In contrast, at the same time-point, no cell division was observed when recipient mice were treated with CsA, illustrating the CsA cytostatic effect on T cells. However,
Figure 2 CsA exerts a transient cytostatic effect on CD4
+ and CD8 at day 5, the vast majority of CD4 + and CD8 + T cells had divided in both untreated and CsA-treated animals, indicating that the cytostatic effect of CsA on T cells is only transient. The intensity and pace of alloantigen-induced T cell proliferation largely depends on differences in the genetic backgrounds of donor and recipient. The transient cystostatic effect of CsA was not due to our particular combination of donor and recipient since it was also observed in a different genetic background combination (FVB->B6, not shown).
+ cells and does not antagonize the effect of GCV on TK T cell proliferation after transfer in semi-allogeneic irradiated hosts. CFSE-labeled T cells from [TKxhCD4] double transgenic B6 mice were transferred into semi-allogeneic (B6/D2) lethally irradiated mice. Recipient mice were either not treated (control) or received (1) CsA i.p. daily from day Ϫ2 preceding transplant; (2) five injections of GCV between day 1 and day 3 after transplant; or (3) the combination of CsA and GCV. Data show proliferation (as shown by CFSE dilution pattern) of donor (hCD4
Since GCV toxicity depends on cell division, GCV should eliminate the dividing T cells, despite CsA. Thus, we next compared the effect of GCV alone, or combined with CsA, on T cell division kinetics (Figure 2 ). GCV was injected twice daily from day 1 to day 3 after HSCT, while CsA was injected once daily from day Ϫ2 before HSCT until sacrifice. When recipient mice did not receive any treatment, the majority of CD4 + and CD8 + T cells had already undergone a large number of divisions (more than eight) at day 5 after transfer. In contrast, when recipient mice received GCV alone or in combination with CsA, no divided cells could be observed in either CD4 + or CD8 + T cells at day 5. Since CsA alone did not prevent T cell division at day 5, these results illustrate the cytolytic effect of GCV on dividing TK T cells and indicate that CsA does not interfere with it at this timepoint. At day 7, when GCV had been stopped for 4 days, part of CD4 + T cells and the majority of CD8 + T cells had divided several times in mice treated with GCV alone. In
Gene Therapy contrast, in mice that had been, and were still, treated with CsA, the majority of CD4 + and CD8 + T cells had not divided. This indicates that CsA retains its cytostatic effect on the T cells that start dividing after GCV discontinuation.
Effect of CsA and/or GCV on the prevention of GVHD after HSCT
The above in vivo and ex vivo results cannot accurately predict the combined effect of CsA and GCV on GVHD. We investigated this by inducing GVHD with donor TK T cells obtained from a TK-transgenic line developed in the B6 background. 17 When these T cells were transferred to semi-allogeneic irradiated [B6xD2]F1 recipient mice, a lethal GVHD was constantly observed (Figure 3a) . Five injections of GCV administered every 12 h and initiated at day 1 after HSCT led to 80% survival at day 70 after HSCT ( Figure 3a) (P = 0.01 compared with untreated animals). CsA alone, administered from day Ϫ2 to day 8 at a dose of 50 mg/kg/day, did not prevent GVHDrelated mortality, with a survival rate of 11% at day 70 (Figure 3a) . The single mouse surviving after CsA prophylaxis showed typical clinical signs of GVHD, including hunching and weight loss. This lack of efficacy could not be due to insufficient CsA levels, since residual CsA blood levels were 1957 ± 395 ng/ml (mean ± s.d., n = 4) at day 2 after initiation of treatment, and remained stable over time. Importantly, when GCV and CsA were administered together, the survival rate was similar to that observed with GCV alone. Histopathologic examination of liver, a target organ of GVHD, confirmed the absence or only mild signs of GVHD in the GCV-or GCV + CsA-treated groups (not shown).
The results obtained in these in vivo experiments may depend on the scheme of GCV administration used. Therefore, we also tested several other schedules, consisting of one daily injection beginning at day 1 after HSCT, and administered on 1, 2 or 3 successive days, either alone or in combination with CsA (n = 4 in each of these six groups). With only one injection of GCV, mice were efficiently protected from GVHD, with 75-100% survival at day 70 after HSCT ( Figure 3b ). When GCV was administered together with CsA, the survival rate was statistically similar to that observed with GCV alone (Figure 3b) . Using two or three injections of GCV, survival rates were statistically similar to those observed with one injection, and co-administration of CsA did not impair GVHD prophylaxis (not shown). With or without CsA, and whatever the number of GCV injections used, histopathologic examination of spleen and liver of these animals confirmed the absence of GVHD (not shown).
Effect of CsA and/or GCV on immune reconstitution and allogeneic T cell responses after prevention of GVHD
Immune reconstitution depends in large part on cell proliferation that could be impaired by CsA. Also, GVHD is frequently associated with immune deficiency. 18 Thus, besides survival, it is important to assess immune reconstitution under our different therapeutic schemes. Analysis of splenocytes of grafted mice showed good T and B cell reconstitution in GCV-and GCV + CsA-treated groups, indicating efficient GVHD prevention (Table 1) . No statistical difference was observed between these two groups regarding the absolute or relative T and B cell counts, in spleen and blood. Additionally, more than 95% of donor T and B cells were of donor origin indicating efficient engraftment. Thus, in accordance with clinical and histopathologic findings, addition of CsA to the GCV regimen neither impaired nor improved immune reconstitution of grafted mice.
We also tested the ability of T cells from animals treated with CsA, GCV or GCV + CsA to respond to (Figure 4) . Thus, GCV treatment, associated or not with CsA, leads to a specific hypo-responsiveness of T cells to recipient alloantigens.
Discussion
Despite prophylaxis based on CsA, GVHD still represents a frequent life-threatening complication encountered after allogeneic HSCT. The TK suicide gene therapy strategy, which permits the elimination of dividing T cells without toxicity on non-dividing cells, provides a new way of preventing GVHD. Indeed, in a murine model of GVHD, we have already shown that a 7-day GCV treatment initiated at the time of transplantation is fully protective against GVHD, 9 and allows an efficient immune reconstitution. 9, [19] [20] [21] We also previously showed that the TK/GCV system more efficiently prevents than cures GVHD. 20 Whether or not this preventive treatment should be associated with the classical preventive treatment based on CsA in future clinical trials was the aim of this study. Indeed, there was a theoretical possibility that the cytostatic effect exerted by CsA could antagonize the cell division-dependent destruction of alloreactive T cells mediated by the TK/GCV system. Here, in vitro and in vivo experiments were in agreement that CsA does not antagonize the TK/GCV suicide gene system for prevention of GVHD. Grafted mice treated by GCV alone or GCV + CsA showed the same survival after HSCT, as well as no difference in either histopathologic signs of GVHD or in biological parameters of immune reconstitution. In addition, the TK/GCV system, associated or not with CsA, provided a clearly better prevention of clinical GVHD in comparison with the individual CsA treatment. Although we employed only a short course of CsA in this control group, longer CsA regimens, resembling those used in humans, have also been reported to be only partially or not at all protective against lethal GVHD in rodents. [22] [23] [24] [25] Using the recently available CFSE staining of T cells before their infusion, we observed that CsA does not control T cell division for more than 3-4 days after HSCT. This is the first observation of a mere transient cytostatic effect of CsA. Importantly, it provides an explanation for the only partially efficient effect of CsA for GVHD prophylaxis. Additionally, the detection of donor T cell divisions despite CsA treatment may explain why GCV remained active for elimination of alloreactive T cells.
One may argue that the cytostatic effect exerted by CsA might be more important in humans than in mice, and therefore antagonize GCV. The inhibitory effect of CsA on mouse T cell proliferation that we found in MLC was similar to the one previously reported with human T cells, 14 with an IC 50% close to 100 ng/ml in both cases. To circumvent potential variations of T cell sensitivity to CsA between humans and mice in vivo, we intentionally used a saturating dose of CsA, providing CsA blood levels of nearly 2000 ng/ml. Since the therapeutic CsA blood level used for GVHD prophylaxis in humans is 100-250 ng/ml, it is unlikely that, at a significantly lower blood concentration, CsA would exert a more important cytostatic effect on human alloreactive T cells than that observed in our murine model. Thus, it is reasonable to conclude that CsA should not inhibit the cell divisiondependent deletion of alloreactive TK T cells mediated by GCV in humans. This conclusion is further supported by recent clinical results. In the study of Tiberghien et al, 12 four out of five patients who developed GVHD after TK T cell infusion and therefore received GCV were still under CsA at the initiation of treatment. Three of these four patients showed complete responses to GCV alone and one patient showed a partial response, which necessitated the addition of glucocorticoids to achieve a complete response. Thus, at least in three of these four patients, CsA did not antagonize the expected effect of GCV on alloreactive T cells.
Together, our results demonstrate that a CsA-based GVHD prophylaxis regimen does not alter the alloreactive T cell depletion mediated by the TK/GCV suicide gene system. In the present study, we showed that shortening the GCV treatment, even to only one injection administered 1 day after transplantation, successfully prevented GVHD. We believe that these results are of clinical relevance for the design of future trials involving gene-modified donor T cells for modulation of alloreactivity. The final decision to use CsA or not in clinical trials should be discussed with regard to the clinical setting of HSCT. For instance, for non-malignant diseases, such as aplastic anemia or inherited immune disorders, the priority is to control GVHD. Therefore, CsA could be combined with GCV to ensure the most efficient prophylaxis of GVHD, especially for patients grafted with HLAmismatched donors, which are at high risk of GVHD. For malignancies, the priority is to maintain the graftversus-leukemia effect of HSCT. Previous studies have suggested that long-term immune suppression with CsA can alter the graft-versus-leukemia effect, 26, 27 or graft-versus-tumor 28 effects. It should thus be beneficial in this setting to use TK/GCV alone, a treatment that efficiently prevents GVHD in our murine model. This should prevent prolonged exposure to the immunosuppressive CsA in patients. Additionally, avoiding CsA could lower the risk of secondary malignancies associated with prolonged immune suppression, such as solid cancers or EBV-related lymphoproliferative disease. 29 3 H-TdR uptake was measured after 4 days of culture in triplicate wells.
Materials and methods
Experimental GVHD and administration of CsA and GCV Experiments were performed as described, 9 except otherwise stated. Briefly, B6/D2 euthymic females (8-12 weeks of age) were lethally irradiated (11 Gy). TCD-BM cells (10 × 10 6 ) from B6 mice plus 10 × 10 6 T cells collected from spleen and lymph nodes of [TKxhCD4] transgenic B6 mice were injected i.v. 1 day after irradiation. CsA was administered i.p. daily from day Ϫ2 before HSCT, at a dose of 50 mg/kg/day diluted in 200 l PBS. Residual CsA blood levels were monitored by radioimmuno-assay. GCV was administered i.p. at a dose of 50 mg/kg diluted in 200 l PBS. Different schemes of CsA and GCV administration were used.
Assessment of donor TK T cell proliferation in vivo
Spleen and lymph node cells of donor mice were incubated at a concentration of 10 7 cells/ml with CFSE (Molecular Probes Europe, Leiden, The Netherlands) at a final concentration of 1.5 m in a RPMI 1640 medium, for 10 min at 37°C and 5% CO 2 . The labeling reaction was stopped by addition of fetal calf serum (20% of the final volume). Labeled cells were washed twice in phosphate buffer saline, numbered and then injected intravenously with BM cells in lethally irradiated mice. Mice were treated by CsA and/or GCV, or not treated, and splenocytes were collected at different time-points after transplantation. Cell division was shown by the sequential loss of CFSE fluorescence of the donor (hCD4 + gated) CD4
+ and CD8 + populations.
Immunocytofluorometry
Staining reactions were performed on blood cells and on collagenase-digested spleen cells from grafted animals. Cells were first incubated with 2.4.G2 anti-Fc receptor mAb. For analysis of immune reconstitution and chimerism cells were stained with combinations of the following mAbs: phycoerythrin (PE)-labeled anti-CD3 (clone 145-2c11, Pharmingen, San Diego, CA, USA), FITC-labeled anti-B220 (clone RA3-6B2, Caltag Laboratories, San Francisco, CA, USA), biotinylated anti-H-2K d (clone SF1-1.1, Pharmingen), and PE-labeled anti-H-2K b (clone CTKb, Caltag). Biotinylated mAbs were revealed with tricolorlabeled streptavidin (Caltag). For CFSE experiments, splenocytes were stained with the following mAbs: PElabeled anti-CD4 (clone RMH-5, Pharmingen), tricolorlabeled anti-CD8 (clone CT-CD8a, Caltag), and allophycocyanin-labeled anti-hCD4 (Caltag Laboratories). Events were acquired on a FACSCalibur (Becton Dickinson, San Jose, CA, USA) and analyzed using CellQuest software (Becton Dickinson).
Histopathological examination
Liver samples were prepared in Bouin's fixative, embedded in paraffin and sections were stained with hematoxylin and eosin. Slides were evaluated by a pathologist unaware of treatment data. Severity of GVHD was scored as previously described. 20 
Statistical analysis
Statview software (Abacus Concepts, Berkeley, CA, USA) was used for statistical analysis. Kaplan-Meier survival curves were established for each experimental group. Survival differences between two groups were determined using the log-rank test. Differences in lymphoid cell counts between two groups were determined using the Student's t test. P values are indicated only when differences between two groups were statistically significant.
